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Abstract. We presentan automatedun-time optimisationframework that can
improvetheperformancef distributedapplicationswvrittenusingJazaRMI whilst
preservingts semantics.

Java classesare modified at load-timein orderto interceptRMI calls asthey
occur RMI calls are not executedimmediately but are delayedfor aslong as
possible.Whena dependencéorcesexecutionof the delayedcalls, the aggre-
gatedcalls are sentover to the remotesener to be executedin one step. This
reducesetwork overheadandthe quantityof datasent,sincedatacanbe shared
betweercalls. Thesequencef callsmaybecachednthesener sidealongwith
ary known constantsn orderto speedup future calls. A remotesener mayalso
malke RMI callsto anotheremotesener on behalfof the clientif necessary
Our resultsshov that the techniquesan speedup distributed programssignifi-
cantly especiallywhenoperatingacrossslower networks. We alsodiscusssome
of the challengesnvolvedin maintainingprogramsemanticsandshav how the
approackcanbeusedfor moreambitiousoptimisationsn thefuture.

1 Intr oduction

Framavorksfor distributedprogrammingsuchasthe CommonObjectResourcéroker
Architecture(CORBA) [9] andJava RemoteMethodInvocation(RMI) [12] aimto pro-
vide a location-transparertbject-orientegprogrammingmodel,but do not completely
succeedsincethe costof a remotecall may be several ordersof magnitudegreater
thanalocal call dueto marshallingoverheadsndrelatively slow network connections.
This meanghatdevelopersmustexplicitly codewith performancen mind, leadingto
reducedoroductvity andincreasegrogramcompleity.

The usualapproachto optimisingdistributed programsin generalhasbeento op-
timise the connectionbetweenthe communicatinghosts,fine-tuningthe remotecall
mechanismand the underlyingcommunicatiornprotocolto cut the overheadfor each
call to a minimum. Although this leadsto a generalspeed-upit doesnot helpthe per
formanceof programahatareslow dueto their structure(e.g.usingmary fine-grained
methodsnsteadof a few coarse-grainethethods) Our approachtowardssolving this
problemhasbeento considerall communicatinghodesaspart of one large program,
ratherthanmary disjointones.

We delaythe executionof remotecalls on the client for aslong aspossibleuntil a
dependengonthedelayedcallsblocksfurtherprogressAt this point, thedelayedcalls
areexecutedin onestep,afterwhich the blocked operationmay proceedBy delaying



the executionof remotecalls, we build up a knowledgeof the context in which calls
weremadeontheclient. This enablesisto find opportunitiesor optimisationdetween
callsthatwould have beenlost hadthe callsbeenexecutedmmediately

1.1 Contributions

— We presentan optimisationtool which canimprove performancef Javza/RMI ap-
plicationsby combiningstaticanalysisof applicationbytecodewith run-timeopti-
misationof sequencesf remoteoperationsThistool operateon unmodifiedJara
RMI applicationsandrunson a standardlVM.

— By aggr@atingsequencesf remotecalls to the samesener, the total numberof
messagexchangess reducedBy avoiding redundanparameteandresulttrans-
fers, total amountof datatransferreccanalsobe reduced Whencallsto different
senersareaggreatedtogetherresultscanbe forwardeddirectly from onesener
to anotheybypassingheclientin somecases.

— We show how run-timeoverheadganbereducedy cachingexecutionplansatthe
seners.

— We demonstratéhe useof thetool usinga numberof examples.

The framawork presentechere provides the basisfor a programmeof research
aimedat extendingaggressie optimisationtechniquescrosdistributedsystemsand
deploying the resultsin large-scald@ndustrial systemsWe concludewith a discussion
of the potentialfor thework, andthe challengeghatremain.

1.2 Structure

We begin in Section2 with a discussiomof relatedwork. We then cover the runtime
optimisationframewnork usedto implementour optimisationsat a high-level in Section
3. We proceedto cover the optimisationsperformedin Section4, andthe challenges
involvedin maintainingthe semantic®f the original applicationin Section5. We then
presensomeperformanceesultsin Section6 andfinish off with somesuggestionor
futurework in Section7 andconcludein Section8.

2 RelatedWork

Most work on optimising RMI has concentratedn reducingthe run-time overhead
of eachremotecall by reducingthe amountof work donepercall or by using more
lightweight network protocols.Examplesinclude the UKA serialisationwork [14],
KaRMI [13], andR-UDP [10]. Similar work hasbeendoneon CORBA by Gokhale
andSchmidt[7].

AsynchronousRPCJ[11, 15 aimsto overlapclient computatiorwith communica-
tion and remoteexecution,replacingresultswith ‘promises’, which block the client
only whenactuallyused.

A moreambitiousapproachs the conceptof cachingthe stateof a remote-object
locally [10]. Thisworkswell providedthatmostoperation®n cachedbjectsarereads.



However, a write operationincurs high penaltiesfor all usersof the cachedobject,
sincethe client hasto wait for invalidationof all copiesof the objectto finish before
proceedingThe first requestfor invalidateddatawill alsoincur anextra delayasthe
senerfetchedt from the clientthatperformedthelastupdate.

A laterimplementatiorof remote-objectaching[5] implementsthe notion of re-
ducedobjectswhereonly a subsetof the remote-objecstateis cachedon the sener.
The subsethatis cacheddependsn the propertiesof the invoked methods— e.qg.if
acalledmethodonly accessesnmutablevariablesthenthosevariablescanbe cached
ontheclientwithout needingo dealwith consisteng issues.

Neitherof theseapproacheso RMI optimisationconflict with our aggreyationop-
timisations,and althoughwe have not done so ourseles, theseoptimisationscould
theoreticallybe combinedIt maybe arguedthatour optimisationsaremaderedundant
undercertaincircumstancege.g.if theaggreatedcallsarecachedocally).

Theconcepbf aggrejatingnumerousmalloperationsnto asinglelargeroperation
is very old, andappears$n numerousthercontets, especiallyin thehardwaredomain.
In the context of RPCmechanisms;onceptsuchasstoredproceduresn databassys-
temsor commandsn IBM’ s SanFranciscd3] projectarealsocapableof aggreating
calls, but theseare explicit mechanismslmplicit call aggregationis much rarerand
harderto implement.One examplewould be the conceptof batchedfutures[2] in the
Thor databassystem.

3 The VeneerFramework

The RMI optimisationsarebasedon top of Veneerwhich is a generalisedrameavork
thatwe have developedfor thepurposeof easinghedevelopmenbf run-timeoptimisa-
tion techniquesThis framawork is writtenin standardlava, usingthe BCEL [4] library
for bytecodegeneratiorandthe Soot[16] library for programanalysis.Veneetis not
tied to ary particularJVM implementationwhich is essentiakinceit is likely be used
in aheterogeneousrvironment.We referto Veneelasa ‘virtual JVM’, sinceit behaes
like a highly configurablelJava virtual machine without actuallybeingone.

Theframework presents simplifiedmodelof the Javarun-timeervironmentwork-
ing with whatappeargo beasimpleinterpreteycalledanexecutor A basicexecutoris
showvn in Figurel, which executesa methodwith no modificationswhatsoeer.

Whena methodthat we areinterestedn is called, control passego our executor
insteadof theoriginal method.Theexecutoris initialisedwith anexecutionplan, which
is essentiallya control-flov graphof the method with executablecode-blockgorming
the nodes.The executorsitsin a loop which executesthe currentblock, thensetsthe
currentblockto the next blockin line to be executed.

The power of this frameawork liesin thefactthatthe planis afirst-orderobjectthat
we canchangewhile the executoris still running, effectively modifying the codethat
will be executed.The executorhasfull control over the processof methodexecution
betweerblocks,suchthatwe canperformoperationsuchasjumpingto arbitrarycode-
blocks,modifying local variablesor timing operationsf necessary

We minimisethe interpretive overheadby deleggatingasmuchwork aspossibleto
theunderlyingJVM, andby makingthecode-blocksascoarseaspossible Thereis also



anoptionto permitblocksto run continuouslywithoutreturningto theexecutor though
certainblock typeswill alwaysforceareturn.

The mappingof byte-codeto code-blocksn the plan andthe methodsaffectedby
our framework aredeterminedy a plug-in policy class.The policy classalsocontains
numerougall-backmethodghatareinvokedon certainevents,suchastheinitial load-
ing of aclass.

public class BasicExecutor extends Executor{
public int execute() throws Exception {

while  (block !'= null
&& 'lockWasReleased()) {

int next = -1;

try {
next = block.execute(this);
block = plan.getBlock(next);

} catch (ExecuteException e) {
/I Pass control to exception handler
block = plan.getExceptionHandler(e);

/I Propagate exception if no handler
if (block == null)
throw e.getException();

locals[1] = e.getException();
}
}

return next;

Fig. 1. Structureof a basicexecutor

4 Optimisations

In this sectionwe detailthe RMI optimisationghathave beenimplementedThe exam-
plesusedto illustratethe optimisationsaredeliberatelysimplifiedfor clarity.

4.1 Call Aggregation

Delayingcallsto form call aggreatess the coretechniqueuponwhich this projectis
basedlt is animportantoptimisationin its own right, andfurthermorecanalsoopenup
furtheroptimisationopportunitiesFor example,considerthefollowing codefragment:



void m(RemoteObject r, int a) {

int x = r.f(a);
int 'y = r.g);
int  z = r.h(y);

System.out.printin(z);

This programfragmentincurs threeremotemethodcalls, with six datatransfers.
However, for this example,we cando better:

— Sinceall threecalls areto the sameremoteobject,they canbe aggreyatedinto a
single large call, suchthat the numberof timesthat call overheadis incurredis
reducedo one(seeFigure?2).

— Xxisreturnedastheresultof thecall to f from theremotesener, but is subsequently
passedackto it duringthe next call. The sameoccurswith the variabley. If the
valuesof x andy wereretainedby the remoteobjectbetweerremotemethodcalls,
thenthe numberof communicationgouldbereducedrom six to four.

— Thevariablesx andy areunusedy theclientexceptasargumentgo remotecallson
theremoteobjectfrom which they originated x andy maythereforebe considered
asdeadvariabledrom theclient’s pointof view, andthereis no needfor theirvalue
to be passedackto the client at all, therebyfurther reducingthe total numberof
remotetransactionslown to justtwo messagewith payloadf sizeint.
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Fig. 2. Exampleof call aggregyation

Client-side Implementation We have createda Veneerpolicy thatonly affectsmeth-
ods that are statically determinedto contain potentially remote methodcalls. Calls
are deemedto be potentially remoteif they areinvoked via an interface,and have
java.rmi.RemoteException or one of its superclasseson the throw list. A
run-time checkis later usedto ensurethat the potential remotecall is actually re-
mote.Notethatit is not sufficientjust to checkthattherecever of the callimplements



java.rmi.Remote sincethe objectcould be invoked directly insteadof via RMI,
andsomeremotecalls may be missedif we are suppliedwith a non-remotédnterface
thatis actuallya remoteobjectthatimplementsa remotechild of ourinterface.

The client runsunderthe control of the Veneerframenork usingthis policy. If the
executorencountersa confirmedremotecall during the courseof execution,then it
placesthe call within a queueand proceeddo the next instruction.Sequencesf ad-
jacentcallsto the sameremoteobjectaregroupedtogetherinto remoteplans Remote
plansalsocontainmetadataegardingthe calls, suchasvariablelivenessand datade-
pendenciesCallsto otherremoteobjectswill not force executionunlessthe target of
thecallis definedby apreviousdelayectall, leadingto acontroldependeng However,
eventhis conditionis relaxed by sener forwarding,detailedin Section4.2.

Whenanon-remotéelockis encounterewvith delayedcallsremainingin thequeue,
a decisionhasto be madewhetheror not to force executionof the calls. In general,t
is safeto executethe currentblock without forcing if thereare no dependenciebe-
tweenthe currentinstructionandthe delayedoperations!f dependencieexist or if it
is impossibleto tell, thenwe mustforce execution.

We detectdatadependencieby noting attemptsto accesdatareturnedby RMI
calls. Sincethe resultsof RMI calls are constructedy deserialisinghe datareturned
by the sener, therecanbe no otherreferencego the returneddataexceptfor thelocal
that the result of the remotecall was placedin. We thereforeregardlocal codethat
accessepcalsthat shouldcontainthe resultsof RMI callsasbeingdependenobn the
delayedcalls.

This schemas ratherconsenrative, suchthatevensimpleassignmentfrom onelo-
calvariableto anotheicanforcetheexecutionof thedelayedplans.We hopeto improve
thisin thefutureusingimprovedstaticanalysisAlso, it cannotdetectindirectdatade-
pendencies— for example,if theRMI call modifiesaremotedatabasevhichtheclient
proceeddo accesaisinganotherAPI, thenthataccessvill gounnoticed.

Whenexecutinglocal codein the presencef delayedremotecalls,we mustensure
thatthe variablesusedby the delayedcallsarenot overwrittenor modifiedby the local
code.Thisis doneby makinga copy of all localssuppliedto thedelayedcallsthatmay
betouchedby thelocal code.

On forcing execution,the queueof delayedremoteplansis traversed,with plans
beingsentone-by-onealongwith the setof datausedby the plan,to the corresponding
remoteproxyonthesener-sidevia standardRMI invocationto be executedTheproxy
call mayeitherreturnsuccessfullyor throw anexception.

If the call returnssuccessfullythenthe variablesdefinedby the plan that are still
live are copiedbackinto the locals set of the executingmethod.If an exceptionwas
thrown, thenthe executorgoesthroughthe normalprocesf finding a handlerfor the
exceptionwithin the method,andpropagatingt up the call chainif oneis notfound.

The sameVeneerpolicy alsorunsa remoteproxy sener on startup,which first
registerdtselfin anamingservicevia INDI. Theproxykeepsdrackof all remoteobjects
presenton the JVM by insertinga small callbackinto the constructorsof all remote
classestloadtime?.

! This may leadto a potentialsecurityhole sincethis may occurbeforethe remoteobjecthas
beenexportedfor remoteaccess



Clients obtain handlesto proxies usingthe standardnaming servicesvia JNDI.
Whena client first encounters new remotestub, it broadcastst to all known prox-
ies. The proxy that handlesthe remoteobjectdenotedby the stubwill identify itself.
Remoteplanscontainingcalls on that stubwill subsequentlye sentto the identified
proxy. The stub-to-proxymappingis cachedn theclientfor speed.

Remoteplanssentto the proxy areexecutedby anexecutor which simply executes
the calls one-by-oneThe calls are madedirectly on the remoteobjectratherthanvia
anotherRMI invocation.However, caremustbe taken dueto the semantiadifferences
betweerlocalandRMI calls(seeSection5.1).

Whenfinished,the proxy only sendghevariableghatarelivein theclientprogram
at the point whereexecutionwasforced. Thelive setis calculatedusingthe metadata
suppliedwith theremote-calls.

4.2 Sewver Forwarding

Sener forwardingtakesadwantageof the factthatsenerstypically resideon fastcon-
nections whilst the client-sener connectioncanoften be ordersof magnitudeslower.
Considerthis sequencef calls:

rl1.f();
r2.1();
r3.f(x,y);

X
y
z

The first two methodsinvoked on rl andr2 arereturningobjectsthat are subse-
quentlyusedasargumentso a methodon anotheremoteobjectr3. In this situation,
theclientis actingasarouterfor messagebetweerrl, r2 andr3. It would bebetterfor
rl andr2 to communicatewith r3 directly, suchthatno constraintsaresetasto which
pathis taken betweerthe two seners.Also, if x or y aredead,thenthey neednot be
returnedo theclient.

Forwardingis alsonecessaryor efficientaggreyationof factorypatternse.g.

a = r.newObject();
b = af();

Without forwardingin place,we would needto force afterthe call to newObject
becausa is usedasthereceierfor thenext remotecall — without knowing thevalue
of a, we would notwhereto sendthe remoteplan,or whatobjectto invokef on.

Implementation Senerforwardingisimplementedntop of call aggreyationin apre-
processingtepjust beforeexecutionon the remoteproxies,by groupingremoteplans
on differing remoteobjectstogether When a remoteproxy encounters planthatis
handledby anotheremoteproxy, it will forwardthe planontothatproxy automatically
At presenttheremoteplansarecomposeaf straight-linesequencesf remotecalls
to thesameobjectbundledtogetherWe will referto theseunitsascall clustes. We use
thefollowing heuristicsto decidewhento groupclusterswith differing destinations:

— Plansthataredeliveredto the sameremoteproxy shouldbe groupedogether
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Fig. 3. Implementatiorof call forwarding:a) Arcs areplacedbetweerthecallsto r1-r3andr2—r3
(dueto datadependencegndrl-r2(dueto co-location)b) Currentclusteris thecall torl — we
appendhe call to r2 dueto therl—r2 arc, c) Currentclusteris the call to r2 — we prependhe
call to r3 dueto ther2—r3arc

— Plansthataredatadependendn oneanothershouldbe groupedogether

We aim to achiere thesegoalswhilst preservingthe relative orderingof the calls.
First, we build up a graphfrom the list of call clusterswith anarcbetweemodesthat
have a data-dependena® sharearemoteproxy. We thenprocesghe delayed-pladist
in order, clusterby-cluster

We startby checkingif thereis an arc from the currentclusterto its immediate
successorlf thereis, thenwe appendit to the currentplan. If thereis not, thenwe
checkfor anarcbetweerthe parentof the currentclusterandthe successqmappending
to the parentplanif thereis. We repeatthe procesauntil the checkeithersucceedsor
thereareno moreparentdeft to check.At thatpoint, the processds repeatedvith the
successoclusterasthe currentplan. This procesgepeatauntil we have processedll
theclusters.

Whenaremoteplan B is appendedo aremoteplan A, a checkis first madeasto
whetherplan A is a call cluster If it is, thena new planis createdand plansA and
B insertedinto it, in that order, as children,taking the placeof the original plan A.
If not, thenB is insertedas the youngestsibling of A (i.e. B will be executedafter
arything alreadyin A will be). Theoverall effectis thatthe plansform a multi-rooted
treestructure with call clustersappearingat the leaves.Plansthat containotherplans
arealwayssentto the handlerof the oldest(i.e. first to be executed)sub-plan.

The algorithm currently gives equalpriority to arcsdueto co-locationand those
dueto data-dependencieR. is possibleto prioritise onetype of arc by processinall
instance®f thattypefirst whentraversingthroughthe plan hierarchy followed by the
othertype.

We illustratethe processn Figure 3 usingthe previous example,assuminghatrl
andr2 aretargetedat the sameproxy sener.



4.3 Plan Caching

Theseoptimisationsncur a substantiabverheaddueto factorssuchas:

— Overheadf the Veneeruntime

— Maintenancef dependenciaformationfor delayedcalls
— Pre-processingpr senerforwarding

— Transmissiorof remoteplansandmetadata

We canreducesomeoverheadby cachingplanson both sener and client sides.
Insteadof building up remoteplansby delayingcallsaswe encountethem,we replace
theremotecallswith theremoteplansbuilt up by delayingthosecallspreviously. When
theexecutorencountershesejt cansimply placeit directly ontotheremoteplanqueue
with minimal overhead.

We canonly do this for adjacentclustersof remotecalls ratherthanthe merged
remoteplansbecausehe patternof remotecalls might not occurnext time. For exam-
ple, considerFigure4. During thefirst iteration,r.f, r.g andr.h will be aggreyated but
it would not be valid to replacer.f with the aggrejatedcall becausehe next iteration
wouldresultin r.f, r.g andr.i beingaggreyated However, it is safeto replacer.f andr.g
with the aggreyatesincethesealwaysoccurtogether

We canalsotake advantageof the factthatthe sener hasseenthe plan beforeto
implementaform of datacompressionThe sener cankeepa cacheccopy of the plans
that it receves, returningan identifier associatedvith the cachedplan to the client.
Theclient from thatpoint cansimply usethe identifier to referto the plan, ratherthan
sendingthe entireplaneverytime.

for (nt i = 0; i < 1000; i++) {
r.f0;
r.g0;
if (i %2 ==0)
x = r.h();
else
x = r.i();
System.out.printin(x);

Fig. 4. Exampleof aloop thatresultsin a differentremoteplanon every iteration

Client-side Implementation Ontheclientside,wemaintainalist of newly constructed
call clusters After the plansareexecutedthe clustersareincorporatednto the method
plan, suchthat for eachcluster all pathsleadingto the first call in the clusterarere-
routedto the cluster andthe successoof the clustersetto the successoof thelastcall
in thecluster Theembeddedemoteclustersaredelayedsimilarly to remotecallswhen
encounteredhoughwithoutthe processingequiredto constructheplan.



After aplanis executeda list of cachelDs is returnedby the sener proxy. Cache
IDs associatedvith call clustersareassignedlirectly to the embeddedemoteclusters.
The cachelDs belongingto compoundplans (plans consistingof clustersand other
compoundplans)arestoredin a globalcache which associates cache patternwith a
cachelD. The cachepatternis generatedy traversingthe childrenplansof the current
planpre-orderaddingthecachelD of the plansencountereéswe progress.

ThecachdDs for all plansarestoredasahash-magrom remotesenerto thecache
ID for thatsener. In all plans,we retaina handleto thelastremotesener usedandthe
cacheD associateavith thatsener. If theplanis invokedagainonthesamesener, we
canre-usethe cachelD andavoid a hash-magookup.

Whentheplanshave beengroupedandareaboutto be sentto thesener, we attempt
to sendcacheDs in preferencéo theentireplanwheneerpossibleusingthefollowing
algorithm,startingat theroot of thetree:

— If theplanis anembeddecluster we usethe associatedacheD from theembed-
dedclusterdirectly.
¢ If thecacheD is found,thenthatis usedin placeof theplan
o If thereis nocachelD, thenwe mustsendtheentireplan

— If theplanis compoundwe:

1. Computethe cachepatternof theplan
2. LookupthecachelD in theglobalcache

e If acacheD isfound,thenit is usedin placeof theplan
e If nocachelD is found,thenwe:

1. Repeathealgorithmfor eachchild of theplan
2. If thereis acachelD for thechild, thenusethatin placeof thechild plan

Sewer-side Implementation On the sener side,the remoteproxy maintainsa cache
of encounteregblans,indexed by anintegeridentifier If a remoteplan containingun-

cachedentitiesis executed we cachethe uncachedtemsandreturnanarrayof cache
IDs for theoverall plan.Sincetheremoteplanformsatreestructureknown by boththe

sener andclient during the call, cachelDs arereturnedto the client asa flat array of

integersby performinga pre-ordeitraversalof theremoteplan,returningthecachelDs

asthe nodesare encounteredThe client usesthis informationto allocatethe correct
IDs to thecorrectclusters.

5 Maintaining Semantics

The optimisationanay have changedsomeof the applicationsemanticglueto the dif-
ferencebetweenexecutingcalls remotelyandlocally. In this section,we identify and
suggessolutionsto someof the problemsthatarise.



5.1 DifferenceshetweenLocal and RemoteCalls

A local call anda remotecall differ in the way thatthey passobjectsas parameters.
Local callsreceve their parameterdy referencewhereasemotecallsreceive themby
copy. Considetthefollowing codefragmentwherer is aremoteobject:

a = r.f(x);
b r.g(x);

Sincetheargumentgo the call aremarshalledusinglocal referencesemanticsthis
would be equivalentto:

X' = x.clone();
a = r.f(x);
X" = x.clone();
b = rgx”);

Notethatwhateverf doesto z’ is notpropagatedo x or =", andsimilarly theeffects
of gonz" arenotpropagatedo x. However, by aggrayatingcalls, the original codeis
transformedo the equivalentof:

= x.clone();
r.f(x);

"
a
b = rg(x);

Now, althoughthe effectsof f andg on 2’ still do not affect z, the effect of f on
z' will affect the functioningof g. It is thereforeonly safeto aggreyatethe two calls
without copying the parameteif we canbe surethatf doesnotchangehevalueof its
parameter

An additionalcomplicationis the fact that marshallingpreseressharingbetween
objects For example,considerthefollowing code:

Xxa =Yy,
r.f(x, y);
rgx, )

If we denotethe argumentsrecevedby f asz’ andy’, andthoserecevedby g as
z'"" andy", thenundercorventionalRMI, thefollowing propertiesshouldhold:

o # " (1)

y £y’ )
2’.a#z".a (3)
a=y 4)
z".a=1y" (5)

This rulesout copying the algumentsseparatelysincethe sharingrelationshipde-
notedby equationgt and5 would be broken.
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Fig. 5. Effect of sharingunderobjectmarshalling— this sharingstructurecannotbe maintained
by copying the parametersneatatime

Copying Using Serialisation An easyway to properlycopy parameterso a method
call is for the sener to constructan array containingthe variablesneededor the next
call, serialiseit, immediatelydeserialisahe byte-streamrinto a new array and supply
thenew arrayto thecall.

Although this techniquealsoincursan extra cycle of serialisationanddeserialisa-
tion, it is still somavhat more efficient thanthe simplertechniqueof usingRMI calls
locally on the sener side sinceit avoids the overheadincurredby going throughthe
stubandskeleton.

Avoiding ArgumentCopying An argumento aremotemethodcall neednotbecopied
if ary of thefollowing aretrue:

— Theargumentis immutable
— All objectsreachablevia theargumentaredeadafterthecall
— Themethodis guaranteeaot to modify theargument

We have currentlyimplementedsomesimple checksfor a subsetof the first two
conditions.We specificallycheckfor commonobjecttypesthat are known to be im-
mutable suchasinstance®f java.lang.String

We alsointroducethe notionof ‘flat-types’, which aretypesthatdo not containary
referencesThesencludecommontypessuchasarraysof primitive typessuchasint
If only flat-typesareusedfor the currentand subsequentalls, thenif anargumentis
deadandis not aliasedby ary otherargument(which canbe donesimply by checking
if any of the otherargumentsare equalto it), thenwe can safely avoid copying the
argument.

5.2 Call-backs

WhenusingJava RMI, it is perfectlypossiblefor a clientto actasaremotesener, and
vice-versa.This createghe possibility for a call-backmechanismwherea call by the
clientto thesenerwill resultin thesener callingtheclient. This cancreateconsisteng
problemsw~hendelayingcalls.

Considera scenariovherethe sener s hasmanagedo obtaina stubto a clientc
thatalsoactsasa sener(seeFigure6). Whenc callss.f(x) , s makesuseof thestub
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to callthemethodc.r , which hasthe effect of modifying the objectreferencedocally
onc by x. SinceRMI callsaresynchronousif g(x) is subsequentlgalled,thevalue
of x shouldhave beenchanged.

This causes problemwhenaggreatingcalls, sincethe value of x thatis sentto
the sener and subsequenthpperatedon by g will be that of the unchangedbiject.
However, sincetheclientc generallydoesnot know how theseners is implemented,
it cannottell in advanceif s will modify x viaf or not. If weignoretheproblem,then
g will endup usingtheold valueof x.

A PossibleLoophole It couldbearguedthatwe couldsimplyignoretheproblemdueto
theJavamemorymodelin theabsencef explicit synchronisationin the Jasalanguage
specificatior{8], theexamplein 7 is given:

class Simple {
int a=1, b = 2

void to) { a=3 b=4; }
void fro() {
System.out.printin("a=" +a+
", b=" + b);

Fig. 7. Exampleto illustrate behaiour of threadsaccessingharedmemoryin the absenceof
synchronisatiorffrom Javalanguagespecification)

If to andfro arecalledfrom differentthreadsthena mayequall or 3 andb may
equal2 or 4independentlyThisis trueevenif fro executesfterto hasfinished since
thereis no obligationfor to to write its changesackinto main memoryimmediately
withoutthe useof synchronisation.

Sincea callbackmustexecutein a differentthreadfrom the original caller (since
the calleris blocked by the unfinishedRMI call), the effectsof the callbackmight not



beimmediatelynoticeableby the caller, in theory In practicethis doesnot happendue

to theimplementatiorof RMI flushingtheupdatedo mainmemory but theRMI speci-

fication[12] itself doesnot mandatehis— in fact,it doesnotmentionsynchronisation
issuesatall.

ProposedSolution If we wish to ensurethatthe effectsof callbacksarevisible, then
we canmodify theexisting protocolto do so. Therearetwo mainapproacheto solving
theproblem— by updateandby invalidation.

In the updateprotocol,we needthe client to detectwhena callbackhasoccurred.
This canbe doneby associatinga uniquesessiorD thatis associatedvith theremote
plan. This sessionD is carriedalongwith the plan to the remoteproxy, andto ary
subsequentemotecalls that the proxy may make. Now, if the sener calls the client
remotely theclientwill beableto detectthatit is acallbacksincethesessionD will be
known to theclient. If this happensthenthe client sendsanupdatedcopy of the vari-
ablesassociateavith the sessiorD to the sener beforereturningfrom theremotecall.
The senershouldusethefreshcopy of thevariablesafterthe currentcall is finished.

If aninvalidationprotocolis used,thenthe sener mustinspectthe methodsheing
called.If aremotemethodmayresultin acallback thenthemethods executecanyway,
and an exceptionis thrown backto the client containinginformation regardinghow
far executionhasprogressedThe exceptionnotifiesthe client of a potentialcallback
situation,suchthattheclientmayresendhe portionof theremoteplanafterthemethod
thatresultedn a callback,alongwith anup-to-datecopy of theusedvariables.

6 Experimental Evaluations

We have testedour optimisationswith two examples.The first exampleis a simple,
synthetichenchmarko illustrate the potentialof the optimisations.The secondis an
example of a naiely written programfound in the wild that may benefitfrom our
optimisations.

Thetestswereperformedusingthe Linux versionof the SunJDK versionl1.4.101,
acrossaFastEthernenetwork (pingtimeis 0.1 ms,measuretbandwidthis 10.03MB/s)
andoverthelnternetvia aslov ADSL connectior(pingtimeis 98 ms,measuredand-
width is 10.7kB/s). The clientmachinein all testswasan Athlon XP 1800+basedPC.
The sener for the Ethernetestwasa 650MHz Intel Pentium-111 PC, whilst the sener
for the ADSL testwasa dual-processorOOMHz Pentium-111PC.

For eachtest, 3 trials of 1000iterationswereperformed andthe meantakenasthe
result.

6.1 Vector Arithmetic

We have evaluatedour framework using a simple syntheticbenchmarkin which the
sener objectprovidesa single methodtakestwo equal-sizedarraysof type double ,
addsthemtogether and returnsthe resultingarray In orderto testaggraation,the
clientapplicationexecutesa sequencef remotecalls of theform:



tmpl = r.add(vO, v1);
tmp2 = r.add(tmpl, v2);
result = r.add(tmp2, v3);

This benchmarkenableausto easilyobsene the effect of our optimisationframe-
work aswe vary thesizeof thedata,thenumberof callsaggreyatedandvariousparam-
etersof theframework.

We have testeda baselineconfigurationwith no aggreyationoccurring,and con-
figurationscontainingfrom 2—5 aggreyatedcalls. For eachconfiguration,we vary the
vectorsizefrom 1 to 1024 doublesdoublingthe vectorsize at every step.We teston
boththe EthernetandADSL connections.

We shaw theresultsbeforeandafterapplyingtheframeavork onthebenchmarlpro-
gram.We have alsoprovidedresultsfor a ‘hand-optimisedversionof the tests(where
we provide manuallyaggreyatedmethodson the sener and make the client call these
methodsfor comparisorpurposes.

Results As canbeseenin theresultsin Figures8(a)-9(e) the optimisationgyenerally
resultin an overall speedupvhenerer any aggreyationoccurs.The exceptionsoccur
whenan Ethernetconnectionis used,with two aggreyatedcalls andargumentsize of
lessthan400bytes.Thisis dueto overhead.

In the baselinecasewith no aggregationoccurring,a slowdown will occurdueto
the sameoverheadbeing occurredbut without any compensatingpeedugrom call
aggreyation. This is easily obsenablein the Ethernettest, but is not evident in the
ADSL testdueto the overheadbeing ordersof magnitudesmallercomparedto the
communicatiortimes.

If we comparethe hand-optimisedrersusthe automaticallyoptimisedresultsfor
the testson the Ethernetnetwork, thereis a discrepang of about0.5 ms per call,
which is mainly due to interpretve overheadfrom the Veneervirtual JVM and the
call-delaying/plan-hilding mechanismHowever, this overheademainsconstantand
is thereforeall but invisible whenoperatingacrosshe Internetvia ADSL, sinceit has
muchgreateratenciesandis subjectto variationsthat could easily eclipsethe 0.5 ms
overhead.

6.2 The MUD Example

The MUD (Multi-User Domain)example[6] is a morerealisticexamplethatcontains
call aggreationpossibilities.The main candidatefor optimisationoccursin the look
methodof the MudClient  class(shown in Figure 10), which retrievesa description
of theroomandits contents.

Thisbenchmarkas7 aggreatedcallswith a modestpayload— around100bytes
of textual informationin total. We have written a testharnesghat calls this routine
repeatedlyrecordingthe averagetime per call. Cachingandsener-sideargumentdu-
plicationhave beenenabled.
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String mudname = p.getServer().getMudName();

String  placename = p.getPlaceName();
String  description = p.getDescription();
Vector things = p.getThings();

Vector names = p.getNames();

Vector exits = p.getExits();

Fig.10. Codefor thelook methodof the MUD example

Results As canbeseenin Tablel, the MUD exampleshows a slight slowvdown when

operatingwith an Ethernethetwork, but a large speedupwith operatingover the Inter-
net.

Table 1. Tableof resultsfor the aggreationoptimisationappliedto the MUD example

Timetakento execute| Without With Speedup
look (ms) optimisationoptimisatio

Ethernet 5.4 5.8 0.93
ADSL 759.6 164.9 4.61

The speedups lower thanwhatwe might expectfrom thevectorsbenchmarkvith
a similar numberof aggreyatedcalls. This is partly becausedhereis very little vari-
ablesharingoccurringbetweercalls— the soleinstancds thatbetweergetServer
and getMudName, wherethe result of getServer is usedas a recever for the
getMudName method,and s then discardedwithout ever reachingthe client. This
is in contrasto the vectorsexample whereeachcall usestheresultof its predecessor

We show a breakdavn of the time takento executethe look methodin Table 2.
As canbe seenthe majority of the time in both caseds spentin client-sener com-
munication.However, on the Ethernetnetwork, the additionaloverhead®on the client
andsener sideareresponsibldor abouta third of the overall time, while the propor
tion of time dueto overheadss insignificantby comparisorwhenusing ADSL (since
the overheadremainsconstantwhile the communicatiortimeshave increased)If we
couldminimisethe overheadsthenwe couldachieze asmuchasa 50% speedupvhen
operatingon an Ethernemnetwork.

7 Future Work

Someideaswe have for enhancinghe RMI optimisationfurtherare:

— By aggrayatingcalls, we effectively build up knowledgeregardinga smallportion
of the client. This knowledgemay enableoneto perform someinter-procedural
optimisationghatarevalid for that sequencef calls only by inlining the callson

thesener side.The cachingfacility could sene to cachethe optimisedcodealong
with theplan.



Table 2. Tableshaving a percentagdreakdavn of the time spentexecuting1000iterationsof
thelook methodin theMUD example

Factor EthernetfADSL
(%) | (%)
Remotemethods 0.62 | 0.06

UncachedRMI communicatiofy 0.78 | 0.35
CachedRMI communication || 60.51 | 97.92
Client-sideoverhead 20.60| 0.91
Sener-sideoverhead 15.21| 0.61
Argumentcoypying overhead 2.29 | 0.15

— As mentionedn Section4.1,the mechanisnto detectdata-dependenciggggers
too easily We intendto strengtherthis with the aid of escapeanalysis[17], such
thatcopying thereturnvalueof RMI callsinto otherdatastructuresloesnottrigger
aforceunlesgthatstructureis visible from outsidethe currentthreadof execution.

— At presentloopsare effectively unrolled asa remoteplan is built up. It may be
possibleto exporttheentireloop structureto thesenerin orderto decreasg¢hesize
of theremoteplan.

— Insteadof consideringsimple ‘flat-types’ to decidewhento avoid copying argu-
ments,we canextendtheideasto fully-fledgedballoon-typed1] to allow anarbi-
trary level of type-nestingprovidedthereareno externalreferences.

8 Conclusion

This paperpresentsan attemptto extend the scopeof run-time optimisationto dis-
tributedsystemsConventionaloptimisingcompilers,andoptimisingvirtual machines,
focuson eachnodein a systemindividually. This work exploresoptimisationswhich
spanthe nodesof a distributedsystem.This raisesmary issues— including security
the potentialfor failure,andrun-timebindingof clientsto seners.

We have presentedh prototypetool which optimisesJavza RMI applications.The
tool is basedon a powerful framework, essentiallya ‘virtual’ JVM, which allows the
run-timesystemnto re-ordemlocksof applicationcodesubjecto datadependencmeta-
datageneratedy staticanalysis.We usethis to implementtwo optimisationsof RMI
applicationscall aggreyation,andcall forwarding.Thesejn turn, leadto further opti-
misations suchaseliminatingdatatransferacrosshe network for datapassedetween
aggreyatedcalls.

We presenperformanceesultsfor simpleexamplesvhich demonstrat¢he perfor
mancepotentialfor theseoptimisations We alsoshow preliminaryresultsfor a more
substantiabpplication,which demonstratehat optimisationopportunitiesdo arisein
realsystems.

Ourprototypeimplementations basednavery powerful experimentaframeawork,
and this incurs somerun-time overheadsvhich we hopeto reducein time. Thereis
enormousscopefor morepowerful analysisandmoreambitiousoptimisations.
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